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The measurement of the ultrasonic wave velocities in a sufficient number of known directions in a single crystal makes possible the direct computation of the elastic moduli of the crystal. For specimens having linear dimensions on the order of 2 to 3 mm, phase comparison techniques have been found useful. The equipment described in this paper is based on the technique developedby McSkimin.l V The measurement system is actually a type of acoustic interferometer adapted to small solid specimens, and it requires specialized electronic equipment which cannot be purchased off the shelf. Therefore it was decidedto design and construct this system to include the features of convenience and flexibility necessary in a permanent piece of equipment. Figure 1 shows a block diagram of the system. Briefly, radiofrequency (rf) pulses of a known frequency are generated and converted into pressure variations by a quartz crystal. These pressure waves propagate down a fused quartz or crystal quartz buffer rod toward the specimen. The couplant between the buffer and specimen transmits partof the energy into the specimen; most of the remaining energy is reflected back from the buffer-couplantspecimen interface. The oscilloscope presentation with no specimen present appears as shown in Figure 2a . The energy traveling in the specimen is reflected back and forth between the specimen faces. During each round trip, part of the energy is transmitted back through the couplant into the buffer rod. At discrete frequencies, the pattern appears as shown in Figure 2b . When this occurs, the specimen waves are all in phase, but out of phase with the interface reflection. The velocity of propagation is given by 2tf ^ ~ n + (7/360) where f = frequency t = specimen thickness n = number of waves 7 = couplant correction. The couplant correction may be determined from a knowledge of the magnitude of the interface reflection and first reflection from the far end of the specimen as they appear at the quartz crystal end of the buffer. This was shown in an analysis mentioned in Appendix B of Ref. 1 . The correctness of this analysis has been corroborated,and details are given in the Appendix of this report.
I. Features of the System
II. Circuit Design Features
A. Gate Generator Section
The circuit diagram of the gate generator section is shown in Figure 3 . A rate generator triggers a thyratron which produces the trigger pulses for the oscilloscope and the gate generator. The gate generator produces a square pulse with a rise time of 0.1 /isec and a decay time of 0.3 Msec. The duration of this pulse can be varied from 1 to 50 Msec. The gate pulse is power amplified and appears at the output of this section as a square pulse of 400-volt amplitude and with a peak power of 5 watts.
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Figure 3
The Circuit Diagram of the Gage Generator Section
B. Master Oscillator
The master oscillator section, shown in Figure 4 , generates the fundamental frequency which controls all the later stages. High stability and low harmonic output are the fundamental requirements. A high-C Hartley circuit is used because of the wide frequency range which must be covered. This is followed by two buffer stages which filter out harmonics and generate the power necessary to operate efficiently the succeeding harmonic generators. The tuned circuits of the oscillator and buffer are all ganged with and track with the harmonic generators so that one shaft tunes everything simultaneously.
C. The Gated Harmonic Generator
The gated harmonic generator section shown in Figure 5 produces the pulses of rf energy which drive the quartz crystal transducer. Output is available over a continuous frequency range from 16 to 144 megacycles per second. This wide frequency range is useful to minimize and evaluate dispersion due to the effects of diffraction in the small specimens customarily available. When a stage is delivering output to the crystal, the cathode of the succeeding stage is held above ground to avoid loading down the working stage. These functions are accomplished in the band switch. About 5 watts peak are available to drive the quartz transducer on the top range (96-144 Mc). The gating of the harmonic generators must be exceptionally effective. This means that a special effort must be made to keep oscillator harmonics out of the tank circuit of the harmonic generator section in use. This leakage must be 80 db down from the rf peak pulse amplitude in all stages.
D. The Converter Section
The converter section is shown in Figures 6 and 7 . The reflections coming from the active area of the buffer rod are relatively weak and must be amplified to be useful. This is accomplished by a set of tunable converters operating over various frequency ranges, and a fixed frequency I.F. amplifier. The range from 40 to 150 Mc is covered by a converter tuned by a spiral inductuner; the range below this frequency is covered by several conventional converters using fixed L, variable C-tuned circuits.
Between the converter and I.F. amplifier is inserted a variable attenuator. Accurate calibration is not necessary for the measurement of velocities. The design is simplified by the fact that the attenuator operates at a fixed frequency.
E. The I.F. Amplifier
The I.F. amplifier and attenuator are shown in Figures 8a and 8b . The I.F. amplifier must amplify the signals from the converter to a level sufficient for rectification. This string of amplifiers is designed to have sufficient bandwidth to preserve the proper pulse shape and to recover rapidly when overdriven. The Circuit Diagram of the I. F. Amplifier 
F. Buffer Rods
The buffer rods used in this measurement system are essentially ultrasonic delay lines, which are thoroughly discussed in many publications.(^) The area of the buffer rod parallel to the quartz crystal is usually a small square, approximately 2 mm on a side. It is formed by beveling the end of the buffer at a 30° angle to the plane of the active area. The only ultrasonic energy reaching the specimen passes through the active area, which must be at least as small as the specimen in order for the analysis for the phase shift in the couplant to be valid. It might be mentioned that ordinary domestic fused quartz is satisfactory for frequencies below 60 Mc, but becomes increasingly lossy above that frequency. Above 60 Mc, #1 optical grade fused quartz or equivalent should be used. It has been found that when measurements are being made at high temperatures, care must be taken not to thermally shock the fused quartz buffer because of the possibility of creating permanent strains in the material. If this happens, acoustic impedance discontinuities in the buffer will distort the return echoes. This is especially obvious when the shear mode is being used. Annealing at 1100°C will usually restore the usefulness of the buffer. Crystal quartz buffer rods cut to match the cut of the quartz transducer are useful for low-temperature measurements.
G. Couplant Materials
It is always necessary to use some substance to act as a coupling film between the active area of the buffer rod and the specimen. Nonaq, which has lately gained favor among experimenters, has been found to be only partially satisfactory because it is somewhat hygroscopic and changes consistency during periods of high ambient humidity. It has also been responsible for corrosion of certain specimens. Salol generally produces seals so thin that they require a large 7 correction, and for this reason it has been avoided. Dow Corning Resin 276-V9 is very useful for roomtemperature measurements using both the longitudinal and shear modes. None of these materials is useful as a couplant at elevated temperatures. For measurements at elevated temperatures, a mixture of calcium carbonate and sodium silicate has been found to be satisfactory. An aqueous solution of sodium silicate with the calcium carbonate in suspension forms upon drying a solid which shows considerable promise as a hightemperature couplant. Recently, measurements were made on a single crystal of a zirconium, using both the shear mode and the longitudinal mode up to a temperature of 755°C. At this temperature the solid couplant was still performing satisfactorily. It can be dissolved in water without harming the buffer, nor has it damaged any of the specimens used so far, which include crystals of zirconium and uranium. A couplant of the same general type has also been used on single crystals of sodium chloride and silver chloride, but its action on these crystals was not mentioned. (3) H. Conclusion
The equipment which has been described has shown itself to be simple and convenient enough to allow precise measurements of wave velocity during a continuous rapid change of temperature. It possesses sufficient power output and receiver sensitivity to overcome effects of possible high ultrasonic attenuation in the specimen. In the determination of Zd, the quantity Zj-is considered a pure number, since we are interested at this point in the reflection occurring at the buffer couplant interface before the return of the reflection from the far end of the specimen.
The wave traveling through the seal is given by 
